The responses of sensory neurons to repeated presentations of identical stimuli can be highly reproducible. Little is known about the reliability of the motor command signals carried by individual premotor neurons. We measured the variability in the interspike intervals of the high-frequency, saccade-related bursts generated by neurons in the pontine reticular formation. During movements having similar amplitudes and velocity profiles, the interspike intervals of the high-frequency component of the bursts are very similar. The low variability in interspike intervals cannot be attributed to a burst mode characterized by fixed interspike times. Different, but repeatable, burst patterns are observed when movements having approximately the same amplitude but different velocity profiles occur. These findings suggest that the discharge of a single pontine cell is strongly correlated with the activity of other pontine burst cells. Both the high temporal precision of the saccade-related bursts and the correlated activity of pontine burst cells reduce variability in the signals sent to the motoneuron pools and, thereby, contribute to the accuracy and precision of saccadic eye movements.
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monkey ͉ saccade ͉ pons T he responses of visual neurons have been shown to be highly reproducible when the same dynamic stimuli are presented repeatedly (1) (2) (3) (4) . Few comparable studies of the reliability of the motor command signals carried by individual neurons exist. The goal of the experiment reported in this article was to perform the motor equivalent of these sensory experiments and to measure the reliability of motor commands for saccadic eye movements generated by single premotor neurons.
Saccades are produced by a brief burst of activity in agonist motoneurons and a concomitant brief cessation of activity of antagonist motoneurons. The burst (pulse) of activity gradually declines to a new level (step) of activity. The pulse serves to overcome the viscous resistance of the muscles and other orbital tissue and move the eye at a high speed. The step overcomes the elastic properties of the orbital tissue and holds the eye in the new position (5) . Almost all agonist motoneurons participate in generating the pulse of innervation, but a smaller subset of the motoneuron pool contributes to the step.
Neurons in the paramedian zone of the pontine reticular formation (PPRF) generate motor command signals responsible for the changes in the horizontal positions of the eyes during saccades (for recent reviews, see refs. [6] [7] [8] . These neurons display extremely low rates of spontaneous activity and produce a vigorous burst of activity shortly before the onset of ipsilateral saccades. A subset of the burst neurons, excitatory burst neurons, have monosynaptic connections with motoneurons (9) . The number of spikes in the saccade-related burst of PPRF neurons is highly correlated with the horizontal amplitude of a saccade and the peak frequency of the burst is highly correlated with the peak velocity of the movement (10) (11) (12) (13) (14) . We chose the pontine burst cells for a study of the reliability of motor command signals because of these tight linkages between cell activity and movement parameters.
Results
The goal of the experiment was to measure the variability in the burst of pontine neurons when the same motor command was being issued repeatedly. This cannot be accomplished by merely requesting subjects to make saccades from the same initial fixation target to the same eccentric target. As illustrated in Fig.  1 , considerable variability in the amplitude, duration, and velocity of movements is observed when this is done. For the 76 movements illustrated, horizontal eye position varied from 0.4°r ight to 0.6°left (mean 0.1°left) when the animal was looking at the central target. Horizontal position at the end of the primary saccade varied from 8.16°to 10.9°left (mean: 9.3°left). The amplitude of the horizontal component of the movement varied from 8.14°to 10.95°(mean: 9.27), and the duration of the saccades varied from 25 ms to 32 ms (mean: 27.59 ms). Peak horizontal velocity ranged from 407°/sec to 592°/sec (mean: 503.25°/sec).
Variation in the concomitant neural activity also was observed. The number of spikes in the bursts associated with the 76 saccades ranged from 13 to 19 (mean: 16.1). Burst duration varied from 20 ms to 37 ms (mean: 26.3), and the peak of the instantaneous frequency records ranged from 702 spikes/sec to 930 spikes/sec (mean: 841.4 spikes/sec).
Methods used to assess the reliability of the signals carried by pontine neurons are illustrated in Fig. 2 . The variability in the saccade-related activity of pontine neurons was measured during selected subsets of movements that had very similar amplitudes and velocity profiles. The rationale for the methods is as follows. Saccades of the same amplitude with very similar velocity profiles occur when, at the level of the motoneuron pools, the same or equivalent motor commands are issued. Measures of the activity of premotor neurons when the same or equivalent motor commands are being issued by motoneurons can be used to measure the reliability of motor commands generated more centrally. Note that this method may not be valid if the head is unrestrained or the saccade targets are located at different depth planes, conditions in which other oculomotor subsystems are contributing to the excitability of the motoneuron pools (15). Fig. 2a presents traces of horizontal position, horizontal velocity, and instantaneous firing rate for 10 movements to a 10°t arget, selected from the 76 movements illustrated in Fig. 1 . Ten movements to a 20°target are shown in Fig. 2c . The two sets of movements were selected based on the similarity of saccade amplitude and velocity profiles. For the 10 movements to the 10°t arget, horizontal amplitude varied from 9.1°to 9.7°; movement duration ranged from 25 ms to 27 ms; and peak velocity from 544°/sec to 565°/sec.
The raster plot in Fig. 2b illustrates the time distribution of the spikes in the saccade-related bursts recorded during the movements to the 10°target. The means and standard deviations of the duration of the interspike intervals (ISIs) common to the bursts associated with the movements to the 10 and 20°targets are plotted in Fig. 2d .
For the bursts associated with the 10°movements (red symbols), average ISI gradually increased from 1.18 ms at interval 1 to 1.55 ms at interval 12. The increase in average ISI was steeper for the last few intervals. Standard deviations of the average ISI were Ͻ0.1 ms for the first 5 intervals and Ͻ0.2 ms for the first 12 intervals. For the bursts associated with the 20°movements, average ISI gradually increased from 1.15 at interval 1 to 1.75 at interval 22 and then increased more rapidly. Standard deviations of the average ISIs were Ͻ0.2 ms for the first 16 intervals and gradually increased to 0.23 at interval 22. Fig. 3 plots the mean and 95% confidence intervals (mean Ϯ 2 standard deviations) for the ISIs of the bursts of four pontine neurons generating a high-frequency presaccadic burst (Fig. 3  a-d ) and one pontine cell with a lower burst rate (Fig. 3e) . Data in each plot were obtained from the bursts associated with 10 movements having similar amplitudes and velocity profiles. The first ISI often is more variable than successive intervals and a gradual increase in average ISI is sometimes observed, but variability is low until the intervals at the end of the burst. For example, the average ISI for the data in Fig. 3d gradually increased from 1.3 ms for the first interval to 1.8 ms at interval 18. The standard deviation for the first interval was 0.32 ms but Ͻ0.2 ms for intervals 2-15 and Ͻ1 ms for all but the last two intervals. In contrast, pontine burst cells that do not generate a high-frequency burst of activity have higher average ISIs, but there is also more variability in the ISIs (Fig. 3e) . Means, standard deviations, and the standard deviation expressed as a percent of the mean (coefficient of variation) for the ISIs of the 34 data sets that form the basis of this report are presented in Table 1 . The data were obtained from 21 high-frequency burst neurons and 4 cells with lower burst rates (bold italics). For the high-frequency burst neurons, the means, standard deviations, and coefficients of variation are given for the high-frequency component of the burst, defined as the ISIs between the first of three consecutive ISIs Ͻ2 ms in duration and the next interval Ͼ2 ms in duration. The data shown in Figs. 2 and 3 indicate that when the same or similar saccadic commands are being issued at the level of the motoneurons, there is very little variability in the initial portion of the bursts of pontine neurons generating high-frequency bursts. Indeed, except for jitter in the duration of the first interval and variability in the last few intervals of the burst, most of the ISIs are similar, at a submillisecond time scale, from movement to movement. This is true despite the facts that the movements selected for having similar amplitudes and velocity profiles occurred over a relatively long time period and that movements of other directions and amplitudes and velocities were interspersed. For example, the saccades to the 10°and 20°t argets illustrated in Fig. 2 were distributed throughout a span of 100 trials in which saccades to 10°and 20°targets were randomly interleaved. Movements having a range of different amplitudes and a variety of velocity profiles occurred during these trials.
The high repeatability of ISIs is of less interest from the perspective of signal processing if the repeatability is merely the consequence of cells going into a burst mode characterized by relatively constant ISIs. The data in Fig. 4 address this issue. Fig.  4a presents the average horizontal position, horizontal velocity, and instantaneous frequency observed during 10 similar movements to a 10°target (red) and 10 movements to a 20°target (blue). The average ISIs and the standard deviations of the intervals are plotted at the bottom. The peak frequency of the burst of this neuron differed for the two amplitudes, but the standard deviations of the ISIs during the high-frequency component of the bursts were small for both frequencies. Fig. 4b presents data obtained from a more common type of burst cell in which the peak frequency of the burst was similar for all tested movement amplitudes. Data are shown for two subsets of movements to a 20°target, one (red) with slower peak and average velocities and longer durations than the other set (blue). The average instantaneous frequency of the bursts associated with the slower movements (red) reached and sustained a lower frequency than the bursts associated with the faster movements (blue). The plots of average ISIs and standard deviations of the intervals illustrate the regularity of the ISIs during the highfrequency component of the bursts occurring during slow and fast movements. Thus, for this cell, when subsets of movements having approximately the same amplitude, but different velocity profiles occur, the average ISIs in the associated bursts also differ with the slower movements having longer ISIs. Different, but repeatable, burst patterns are associated with movements of the same amplitude but having different velocity profiles. Again, the standard deviations were similar in both patterns. More examples of different, but repeatable, burst patterns for other pontine cells are available as supporting information (SI) Fig. 5 .
Discussion
We measured the variability in the presaccadic bursts of pontine neurons when equivalent motor commands were being issued at the level of oculomotor motoneurons. The timing of ISIs in the high-frequency component of the bursts associated with movements having the same amplitude and similar velocity profiles was reproducible with a precision of Ͻ1 ms. Moreover, if subsets of movements with distinguishably different velocity profiles were selected, the burst patterns also were distinguishably different. Such a relationship between the activity of a single pontine burst cell and the velocity profile of a subset of movements would not be observed if other members of the large active population of pontine burst cells had quite different temporal profiles of burst activity or if, in general, the burst profiles were heterogeneous and uncorrelated. Thus, these findings indicate that variability in the discharge of a single pontine burst cell is not independent of, but strongly correlated with, the activity of other active pontine cells generating saccade-related bursts.
The ISIs at the end of the burst were longer and more variable. A complete analysis of this observation is beyond the scope of this report, but several factors contribute to the increased variability at the end of the burst. First, the algorithm for matching movements emphasized the peak and rapid components of the velocity profiles, giving less emphasis to the slower, longer tail. Consequently, there often was more variability at the end of the selected movements, the part of the movement with which later intertrial intervals would be associated. Second, the number of spikes in the bursts associated with the selected movements was not constant, so that the last interval for some bursts was averaged with earlier intervals in other bursts. Third, we plotted standard deviations rather than coefficients of variation to emphasize the absolute differences in ISI duration. The relative variability at the end of the burst would be reduced if expressed as a percentage of the average duration of the ISI. Finally, almost all contemporary models of the saccadic system assume that a copy of the motor command is used as a feedback signal for controlling saccade amplitude. If such a feedback signal were introduced before the level of the pontine burst neurons, the ISIs at the end of the burst are the ones most likely to be affected by feedback signals, and this feedback signal would be likely to vary from movement to movement. Note that, on average, the variable part of the burst makes up Ͻ20% of the total number of spikes in the burst. We know of no previous attempts to measure the reliability of motor command signals generated by individual neurons during a saccadic eye movement. The reliability of the discharge of oculomotor motoneurons in cat and monkey has been examined during the fixation period between saccades (5, (16) (17) (18) (19) (20) . In monkey, one study (17) reported standard deviations of motoneuron discharge rate ranging from 3.7 to 13.5 with a mean of 6.4 when expressed as a percentage of mean interval, and similar values are reported by others (5, 16) . Similar studies in cat (18) (19) (20) found that variability increased in proportion to the duration of the fixation and that the firing rate during repeated fixation at the same eye position was affected significantly by the direction of the preceding saccade and by the animal's level of alertness. Variability in the discharge of neurons in motor and parietal areas of the primate cortex was measured during a period that included an arm movement, but no attempt was made to analyze variability in the neuronal discharge associated with the actual movement (21) .
The relationships between measures of spike activity and saccade amplitude, duration, and velocity for the cells studied meet criteria for classifying them as excitatory burst neurons (EBNs), but we do not know whether the cells we recorded project monosynaptically to motoneurons as EBNs, by definition, do. However, it would be surprising if the major PPRF input to the motoneuron pools came from the other class of cells with saccade-related activity encountered: burst cells with lower frequencies and higher variability. Therefore, we assume the high-frequency burst neurons are likely to be EBNs.
The low variability in the ISIs of pontine bursts could be due to low variability of input signals, special biophysical properties of the pontine burst cells, or a combination of the two. If special biophysical properties of pontine neuron are the major determinants of signal reliability, predictions can be made about the electrical phenotypes of pontine burst cells. Pontine cells projecting to the motoneurons could be identified by retrograde labeling from injections in the motor nuclei and patch-clamp recordings could be obtained in brainstem slices, as has been done for medial vestibular nucleus neurons projecting to the The correlation between average ISI and average SD is 0.56. Data from pontine cells generating low-frequency bursts are shown in bold italic. v, velocity match using saccades of different amplitudes; CV, coefficient of variation.
oculomotor nucleus (22) . The cells would have a high threshold for activation, but when activated, they would display high firing rates. The expected response to a step of depolarizing current would be a regularly spaced, steady train of impulses with little or no adaptation over a 200-to 300-ms time period. The ISIs of one subset of cells, corresponding to the functional type with different frequency bursts for saccades of different amplitudes, would vary as a function of the level of current. Another subset of cells may not display a linear relation between current level and discharge frequency, but they would be sensitive to the slope of current ramps. These would correspond to the cells that discharge at the same peak frequency for different saccade amplitudes but would fire at different rates during saccades of different speed.
From the perspective of signal reliability, the high-frequency burst mode of pontine neurons has functional consequences not emphasized in the current literature. When repeated requests for a saccade with a particular amplitude are generated at relatively high levels in the motor control circuitry, the resulting movements will be less variable if the pontine cells contributing to the pulse of innervation produced by motoneurons have properties similar to high-frequency burst cells described in this article. Consider the alternative case in which the dominant pontine input to motoneurons is derived from cells with low burst rates and high variability in ISIs, such as the one illustrated in Fig. 3e . During repeated requests for the same movement, the input received from each pontine cell would be variable, and the population output also would be highly variable across requests. If, however, the pontine input to the motoneurons is produced primarily by neurons generating high-frequency bursts, there will be little variability in the contribution of each cell during repeated requests for the same movement. If, as these data imply, the activity of the high-frequency bursts cells is also correlated, the variability in population output also will be reduced.
The reliability of spike timing in neocortical neurons during repeated presentations of stimulus transients (23) has been interpreted as support for a possible role for precise spike timing, rather than average firing rate, in the processing of information by the neocortex. The precision of spike timing observed in the burst of pontine neurons could be interpreted in a similar manner. But that is not our interpretation. We think it is unlikely that the different, but repeatable, burst patterns observed when movements having similar amplitudes but different velocity profiles occur represents a signal explicitly coding for particular saccadic velocities. Instead, we assume that when the excitability of pontine burst cells is modulated by external and internal factors (e.g., attention, arousal level, target intensity, and/or duration), the properties of the burst are modified in a consistent manner, the changes in the burst profile are faithfully transmitted to motoneurons and muscles, and, therefore, consistent behavioral consequences are observed. Our data emphasize the point that the time distribution of spikes, even at a submillisecond timescale, can have behavioral effects.
Additional studies of the pontine burst cells are needed. Relatively little is known about the biophysical properties of pontine burst neurons or the reliability of the motor command signals received by these cells. The degree of correlation between pontine burst cells is unknown. The assumption that the major input to motoneuron pools from PPRF originates from pontine cells generating high-frequency bursts should be tested empirically.
Materials and Methods
Neuronal activity was recorded from the pontine reticular formation of two adolescent rhesus monkeys (Macaca mulatta). In a sterile surgical procedure under isoflurane anesthesia each animal was fitted with a scleral eye coil (24) (25) and a fixture for immobilizing the head. After Ϸ3 months of behavioral training, a cylinder for chronic single-unit recording was implanted in a second sterile surgical procedure. All experimental protocols complied with the National Institutes of Health's Guide for the Care and Use of Animals and were approved by the institutional animal care and use committees.
Using the scleral search coil technique (26) , eye position signals were digitized at 500 or 1,000 Hz and stored for later analysis. Commercially available, parylene-coated, tungsten electrodes were used to obtain single-unit, extracellular recordings employing standard chronic-recording techniques (27) . For one data set (n ϭ 12), spikes were recorded as time stamps with 1-s resolution by using an electronic window discriminator to determine the occurrence of action potentials. However, the size of action potentials becomes smaller and irregular in amplitude as the burst of pontine cells progresses (11) . Failure to detect one or more of the smaller action potentials in the burst produces spuriously long ISIs expressed as ''dropouts'' or momentary lower frequencies in the instantaneous frequency records. To avoid this potential error in measurement, we recorded the waveforms of action potentials from a second set of pontine cells and the output of the window discriminator was corrected by adding undetected spikes or removing falsely detected ones. For the second data set (n ϭ 22), ISIs were measured with a 10-s resolution. In general, the neurons in the data set were well isolated and corrections were applied only occasionally when visual inspection of the data indicated that there were very obvious dropouts or falsely detected spikes. If the situation was ambiguous, the trial was excluded. Corrections were only applied to data sets in which no more than two cells with distinctly different waveforms or large amplitude differences were recorded. Moreover, we did not try to separate the spikes of two cells that both generated high-frequency bursts; corrections were only applied if one of the cells had low-frequency activity not obviously related to eye movements. ''Dropped'' spikes were manually reinserted, trying to place them at the same location along the spike waveform at which the window discriminator detected spikes. The waveform recordings verified that most, but not all, apparent dropouts are artifactual. Accordingly, the data presented in this article from the first data set are based on trials in which bursts with two or more dropouts are excluded. The regularity of the high-frequency burst was assessed by computing the mean and standard deviation of ISIs in the burst. Bursts were aligned on the first spike, ignoring the occasional single spike or doublet that precedes burst onset by Ն10 ms. These early spikes were assumed to have little influence on the movement because excitatory postsynaptic potentials recorded from oculomotor motoneurons are usually Ͻ10 ms in duration (28, 29) . Also excluded from the analysis of ISIs were spikes that (i) preceded movement onset by Ͼ8 ms, (ii) preceded saccade offset by Ͻ8 ms, or (iii) followed the end of the movement.
Matching of velocity waveforms was accomplished in two stages. First, similarity indices for all pairs of movements to a particular target were computed as (sum of the absolute value of differences between two movements at each sample point) divided by the number of samples. Then, the most similar movements were selected by using a program that superimposed the position and velocity waveforms of a selected movement with each of the movements selected on the basis of the similarity indices.
During each experimental session, the monkey sat in a primate chair facing an array of light emitting diodes (LEDs) in a dimly lit room. Each LED subtended a visual angle of Ϸ0.2°. Action potentials were recorded from individual pontine burst neurons while monkeys made horizontal saccades to 2 to 5 visual targets, always starting from a few selected initial eye positions varying over a range of Ϯ10°.
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